The oncoprotein Tax, encoded by the human T-cell leukemia virus type I (HTLV-I), is required for high-level viral transcription and is strongly linked to HTLV-I-associated malignant transformation. Recent evidence suggests that Tax stimulates HTLV-I transcription through recruitment of the cellular coactivator protein CBP to the HTLV-I promoter, promoting high-level viral replication via the transcriptional activation properties associated with CBP. Tax directly contacts the KIX domain of CBP to stably anchor the coactivator to nucleoprotein complexes at the promoter. Here, we identify KIX amino acid residues 588 to 683 as the minimal region suf®cient for interaction with Tax. This region is similar to the minimal KIX amino acid residues necessary for strong interaction with phosphorylated CREB, and is composed of a structural domain that forms an extensive hydrophobic core. We further show that a double point mutation in KIX differentially affects the binding of Tax and phosphorylated CREB, suggesting that these transcription factors may recognize unique amino acid residues within the KIX domain. These observations suggest that Tax directly contacts the hydrophobic core of KIX, and provides a structural framework to further de®ne the molecular interactions between Tax and CBP.
Human T-cell leukemia virus type I (HTLV-1) is a complex retrovirus associated with an aggressive and fatal T-cell malignancy (for review, see . HTLV-I-associated oncogenesis is tightly linked to expression of the virally encoded Tax protein, which is required for ef®cient transcription of the viral genome (Grassmann et al., 1989 (Grassmann et al., , 1992 Grossman et al., 1995) . Tax interacts with three 21 bp repeat elements, also called viral CREs, which are essential for Tax-activated viral gene expression. The viral CREs are located upstream of the transcription initiation site in the HTLV-I promoter, and carry core sequences that serve as recognition elements for CREB as well as other members of the basic-leucine zipper (bZIP) family of transcription factors. The viral CREs also carry highly conserved dG-dC-rich (GC-rich) sequences immediatelȳ anking the CREB binding site. Tax interacts with both the basic-leucine zipper domain of CREB and the GC-rich viral CRE sequences to form a stable complex on the viral promoter (Franklin et al., 1993; Adya et al., 1994; Baranger et al., 1995; Brauweiler et al., 1995; Yin et al., 1995; Lenzmeier et al., 1998) . The formation of this nucleoprotein ternary complex appears to be necessary, but not suf®cient, for Tax activation of HTLV-I transcription.
The cellular coactivator CREB-binding protein (CBP) is a large nuclear protein (2441 amino acid residues) discovered through its interaction with the serine 133 phosphorylated form of CREB (Chrivia et al., 1993; Arias et al., 1994; Kwok et al., 1994) . CBP appears to be a pleiotropic coactivator, regulating cellular transcriptional activity through interaction with a wide variety of structurally unrelated transcription factors (Shikama et al., 1997) . The coactivator appears to facilitate communication between upstream activators and the core promoter, as CBP interacts also with components of the basal transcription machinery (Yang et al., 1996; Yuan et al., 1996) . Furthermore, CBP carries both intrinsic and associated histone acetyltransferase activities, and consequently has been implicated in chromatin remodeling of target genes (Bannister & Kouzarides, 1996; Ogryzko et al., 1996) . Based on these diverse transcriptional activation properties of CBP, it seemed likely that CBP may also play a role in the potent activation of HTLV-I transcription by Tax. Recent studies demonstrating that CBP associates with the Tax-CREB-viral CRE complex in vitro and potentiates Tax transactivation of HTLV-I in vivo, have provided evidence supporting this model (Kwok et al., 1996; Giebler et al., 1997) .
A domain of CBP located approximately between amino acid residues 450 and 700 has previously been identi®ed as the principal region required for stable interaction with Tax (Kwok et al., 1996; Giebler et al., 1997) . This region of CBP, referred to as the KIX domain, also interacts with several other transcription factors, including serine 133 phosphorylated CREB (Parker et al., 1996 ; for a review, see Shikama et al., 1997) . Recently, the solution structure of KIX 586-666 complexed with phosphorylated CREB (residues 101 to 160) revealed that KIX is composed of three interacting a-helices that form a compact hydrophobic core (Radhakrishnan et al., 1997) . These a-helices form a hydrophobic groove on the face of KIX that serves as the binding site for phosphorylated CREB. To determine whether Tax interacts with this same domain of KIX, we prepared both amino and carboxy-terminal deletions in KIX (residues 451 to 719), and measured their interaction with Tax using both in vitro and in vivo approaches. A total of 19 deletion mutants were constructed, expressed in Escherichia coli and puri®ed to apparent homogeneity by GST af®nity chromatography. A summary of the critical KIX deletion mutants (ÁKIX) is shown in Figure 1 .
To address which KIX deletion mutants were competent for interaction with Tax, we compared full-length KIX to ÁKIX derivatives in equilibrium binding reactions containing the viral CRE and highly puri®ed Tax and CREB. The association of KIX with the Tax-CREB-viral CRE complex was detected by formation of a quaternary complex in the electrophoretic mobility shift assay (EMSA), which we have previously shown is composed of KIX, Tax, CREB and the viral CRE (Giebler et al., 1997) . To quantitatively assess the Tax-KIX interaction, we determined the apparent binding af®-nities of the individual ÁKIX polypeptides for the Tax-CREB-viral CRE complex (see Table 1 ). Figure 2 (a) shows that, as expected, Tax formed a ternary complex with CREB and the viral CRE (compare lanes 1 and 2), and titration of full length KIX (KIX 451-719) into the binding reaction resulted in the formation of a stable quaternary complex (K D 25 nM; lanes 3 to 5). Formation of the quaternary complex required the presence of Tax, CREB and the viral CRE in the binding reaction (data not shown; see Giebler et al., 1997) . Aminoterminal deletions of KIX from aa 451 through residues 588 were fully competent for quaternary complex formation (ÁKIX 588-719, Figure 2 (a), lanes 6 to 8). The mobility of the quaternary complex formed with ÁKIX 588-719 increased slightly, consistent with the deletion of 137 amino acid residues of KIX. Deletion of an additional four residues, to 592 (ÁKIX 592-719), reduced the apparent af®nity of KIX for the Tax-containing complex tenfold (K D 270 nM; Figure 2 (a), lanes 9 to 11). The dramatic reduction in the af®nity of ÁKIX 592-719 for Tax is likely due to deletion of the arginine residue at position 588 and the lysine residue at position 589. Although it is not known, these basic residues may play a role in stabilization of the secondary structure of KIX, direct protein-protein contacts with Tax, or both. It is likely also that removal of the tryptophan residue at position 591 disrupts a sidechain hydrogen bond interaction that contributes to stabilization of the primary hydrophobic core (Radhakrishman et al., 1997) . Further amino-terminal deletion to residue 597 (ÁKIX 597-719) nearly abolished detectable interaction between KIX and the Tax-CREB-viral CRE complex (Figure 2 (a), lanes 12 and 13). The loss of Tax interaction with ÁKIX 597-719 was not unexpected, as the valine residue at position 595 immediately precedes the Figure 1 . A representation of KIX and the ÁKIX deletion mutants. The critical KIX deletion mutants are shown, with their amino and carboxy-terminal borders indicated. The ÁKIX derivatives were prepared from BamHI digestion of full-length KIX (residues 451 to 719; Giebler et al., 1997) and exonuclease III treatment followed by mung bean nuclease to create blunt ends. The ÁKIX fragments were released with EcoRI and ligated into the pGEX-2T plasmid at SmaI/EcoRI sites. The same strategy was used to create deletion mutants from the C terminus of KIX. pGST-ÁKIX (588 ± 719), which behaved as wild-type KIX, was linearized using EcoR I, incubated with ExoIII and mung bean nuclease, then digested with BamHI. These ÁKIX fragments were then ligated into the parent plasmid at BamHI/SmaI sites. ®rst helix (a1), and participates in enclosure of the primary hydrophobic core.
For the carboxy-terminal truncations, we began with ÁKIX 588-719, as this polypeptide has similar af®nity in the EMSA for the Tax Further deletion to residue 665 (ÁKIX 588-665) abolished detectable interaction between KIX and the Tax-CREB-viral CRE complex (Figure 2(b) , lanes 9 and 10). Based on both structural analysis and secondary structure predictions of KIX, at least a portion of the amino acid residues between 665 and 683 may participate in extension of the third a-helix (a3) and contribute to stabilization of the folded core structure of KIX (Radhakrishman et al., 1997) . These observations suggest that ÁKIX 588-665 may be less stable and therefore not competent for interaction with Tax.
Together, EMSA analysis of the KIX deletion derivatives indicated that residues 588 to 683 (ÁKIX 588-683) represent the minimal domain of KIX required for interaction with the Tax-CREBviral CRE complex. We obtained the same results when full-length serine 133 phosphorylated CREB, or a deletion of CREB containing only the basicleucine zipper domain (residues 254 to 327), were used in place of full-length CREB in the Tax-containing binding reactions (data not shown). These data support a model where the Tax-KIX interaction is the primary interaction required for CBP recruitment to the HTLV-I promoter. CREB appears to perform a scaffolding function to facilitate the binding of Tax to the viral DNA.
To test whether ÁKIX 588-683 is suf®cient for interaction with Tax in the absence of CREB and the viral CRE, puri®ed GST-KIX and the GST-ÁKIX derivatives were bound to glutathione-agarose beads, and probed for interaction with Tax using the GST pull-down assay. Figure 3(a) shows that, in agreement with the EMSA, Tax binds to KIX polypeptides 451-719 and 588-683 (lanes 2 and 6). We did not detect an interaction between Tax and ÁKIX 588-719, 592-719, 597-719, 588-665 or GST alone (Figure 3(a) , lanes 3 to 5 and 7; and data not shown). With the exception of ÁKIX 588-719, these data con®rm the EMSA data, and de®ne ÁKIX 588-683 as the minimal Tax-interacting domain of KIX. The negative result with ÁKIX 588-719 was unexpected, as ÁKIX 588-683 interacted strongly with Tax. To determine if this KIX deletion mutant was properly folded in the GST pull-down assay, we tested the interaction of ÁKIX 588-719, and the other KIX derivatives, with fulllength serine 133 phosphorylated CREB. As previously reported (Parker et al., 1996), Figure 3(b) shows that phosphorylated CREB bound to ÁKIX 588-719, indicating that the molecule was properly presented in the pull down assay. Unlike Tax, phosphorylated CREB interacted weakly with ÁKIX 592-719 and ÁKIX 597-719, and strongly with ÁKIX 588-665 (Figure 3(b) , lanes 4, 5 and 7), indicating that these GST-ÁKIX polypeptides are also functional in the GST pull down assay. These data (see Table 1 ) de®ne the minimal domain of KIX competent for interaction with phosphorylated CREB to be comprised of amino acid residues 588 to 665, consistent with results reported by Radhakrishnan et al. (1997) and Parker et al. (1996) .
The yeast two-hybrid assay (Fields & Song, 1989 ) was used to map the minimal domain of KIX required for interaction with Tax in vivo. ÁKIX deletion mutants were fused to the carboxy terminus of the GAL4 DNA-binding domain (DB) to create DB-KIX and DB-ÁKIX constructs. The full-length Tax protein was fused to the carboxy terminus of the GAL4 activation domain (AD) to make the AD-Tax plasmid. Interactions between AD-Tax and DB-KIX or DB-ÁKIX were detected by cell growth in the presence of aminotriazole (AT), a competitive inhibitor of the HIS3 gene product. The relative degree of AT resistance is directly 
is the concentration of ÁKIX at the midpoint of quaternary complex formation as measured in the EMSA (see Giebler et al., 1997) .
b Indicates whether the KIX mutant interacted with serine 133 phosphorylated CREB in a GST pull-down assay. c nd, Not determined. d Point mutants were generated in ÁKIX588-719 by PCR random mutagenesis (Leung et al., 1989) . The PCR products were cloned into the yeast plasmid pPC97 and tested for interaction with Tax. ÁKIX point mutants that expressed properly in yeast (as determined by ECL Western blot of yeast extracts), but were inactive for interaction with Tax, were cloned into pGEX 2T, sequenced, and the GST-KIX Á588-683 point mutants expressed in E. coli. The puri®ed GST-KIX proteins were then analyzed by EMSA and GST pull-down assay.
related to the level of HIS3 transcription (Hill et al., 1986) . As shown in Figure 4 , DB-ÁKIX 588-719 was competent for interaction with Tax in this assay. In contrast, DB-ÁKIX 597-719 was not competent for interaction with Tax, as indicated by the inability to grow in the presence of AT. These data are in good agreement with the amino-terminal border of the minimal interaction domain as de®ned by EMSA and GST pull-down studies. As expected, DB-ÁKIX 588-683, de®ned above by EMSA and GST pull-down as the minimal Taxinteracting domain of KIX, was also competent for interaction with Tax in this assay. Surprisingly, carboxy-terminal deletion from 683 to 665 (DB-ÁKIX 588-665), which was negative in both the EMSA and GST pull-down studies, retained the ability to interact with Tax in the yeast two-hybrid assay. Further carboxy-terminal deletion to residue 640 (DB-ÁKIX 588-640) abolished the interaction. The ability of DB-ÁKIX 588-665 to interact with Tax in the yeast two-hybrid assay, but not in the EMSA or GST pull-down assays, suggests that the yeast two hybrid assay may enable detection of proteinprotein interactions too weak for detection in our in vitro assays (Yang et al., 1995) . Alternatively, as mentioned above, amino acid residues immediately carboxy-terminal to KIX position 665 have been shown to contribute to the stability of the KIX hydrophobic core. Deletion of these residues produces instability in KIX that results in unfolded or aggregated protein (Radhakrishman et al., 1997) . It is possible that the interaction between ÁKIX 588-665 and yeast proteins in the cellular milieu stabilizes the hydrophobic core of KIX. This stabilization Figure 3 . Measurement of Tax-ÁKIX interactions by GST pull-down assays. The indicated GST-KIX or GST-ÁKIX polypeptides (250 pmol) were bound to 12.5 ml of glutathione-agarose af®nity resin in binding reactions containing 200 ml of 0.5Â superdex buffer (12.5 mM Hepes (pH 7.9), 6.75 mM MgCl 2 , 75 mM KCl, 5 mM ZnSO 4 , 0.5 mM EDTA, 5% (v/v) glyerol, 0.05% (v/v) NP-40). After incubation at 4 C for one hour, the beads were washed, then incubated at 4 C for one hour with 25 pmol of (a) Tax or (b) 12.5 pmol of serine 133 phosphorylated CREB in a ®nal volume of 200 ml. The beads were washed twice, and bound proteins were separated by SDS-PAGE, and analyzed by immunoblot analysis using an antibody against CREB (Santa Cruz Biotechnology Inc., Santa Cruz, CA) or Tax, and goat anti-rabbit IgG conjugated with horse-radish peroxidase (Biorad Laboratories, Hercules, CA), as described (Yan et al., 1994) . The direct imaging of the chemiluminescence using ECL detection reagents (Amersham Life Science Inc., Arlington Heights, IL) was digitally captured with a Photometrics chilled CCD camera mounted on an Alpha-Inotech Light/Dark box and visualized with Phoretic Software (Photometrics Ltd., Tuscon, AZ). CREB was phosphorylated using the catalytic subunit of protein kinase A (PKA) by incubating 1.6 mM CREB in a reaction containing 3.3 mM ATP, 5 mM MgCl 2 and 55 units of PKA in 25 mM potassium phosphate buffer (pH 6.6). Figure 2 . Measurement of Tax-ÁKIX interactions by EMSA. Binding reactions contained 10 fmol of the 32 Plabeled 80 bp viral CRE probe, 5 ng of CREB, 60 ng of Tax and the indicated amounts of KIX or ÁKIX proteins, as described (Giebler et al., 1997) . Reactions were analyzed by native 5% polyacrylamide gel electrophoresis. The results of (a) the amino-terminal KIX deletions, and (b) carboxy-terminal KIX deletions are shown. The amino acid borders of the individual KIX deletion mutants are indicated above each panel, and a description of the relevant protein-DNA complexes is indicated to the left. For comparison, (a), lanes 6 to 8, and (b) lanes 1 to 5 present ÁKIX 588-719 from the same experiment. Because of variations in binding af®nity, different titration ranges of the ÁKIX proteins were used in the EMSA. The concentration of ÁKIX 588-719 used in the experiment converted all detectable ternary complex into quaternary complex. The GST-KIX and the GST-ÁKIX derivatives, CREB (Franklin et al., 1993) and Tax (Zhao & Giam, 1991) were expressed in E. coli and puri®ed to apparent homogeneity as described Giebler et al., 1997) . The viral CRE probe contained the sequence TCAGGCGTTGACGA-CAACCCCT from the proximal 21 bp repeat of HTLV-I (the CRE-like sequence is shown in bold).
of KIX would be unlikely in our highly puri®ed in vitro systems.
Finally, we were interested in identifying speci®c residues in KIX that were important for interaction with Tax, without affecting phosphorylated CREB binding. Using PCR random mutagenesis, we generated point mutations in KIXÁ588-719, and tested these for interaction with Tax in the yeast twohybrid assay (data not shown). Following the identi®cation of KIX mutants that were negative for Tax interaction, we expressed the KIXÁ588-683 point mutants as GST fusions in E. coli, and tested the puri®ed polypeptides for interaction with Tax and phospho-CREB using the GST pull-down assay. A double point mutation at positions 600 and 633 abolished interaction with both Tax and phosphorylated CREB, consistent with a previous report (Parker et al., 1996) . However, another KIX mutant harboring amino acid substitutions at leucine 603 and lysine 659 abolished interaction with Tax, but had no effect on interaction with phosphorylated CREB (see Table 1 for a summary of the data). The residue at position 603 has been shown to be important for interaction with phosphorylated CREB using the colony binding assay (Parker et al., 1996) . It is not clear, however, whether this residue alone is fully responsible for the lack of interaction with CREB in their system. Alternatively, the discrepancy may result from two different methods. The above data indicate that the 603 and 659 mutations did not affect the global structure of KIX, and suggest that Tax and CREB may make unique amino acid contacts within the core structure of KIX.
In summary, we used three independent approaches to de®ne the minimal domain of KIX competent for interaction with the HTLV-I Tax protein. The results of these studies are presented in Table 1 . Using EMSA and GST pull-down assays, we identi®ed amino acid residues 588 through 683 as the minimal contiguous region of KIX suf®cient for strong interaction with Tax in vitro. The yeast two-hybrid assay enabled in vivo detection of Tax interaction with a slightly smaller region of KIX, encompassing residues 588 through 665. These residues correspond almost precisely with the phospho-CREB-interacting domain of KIX (586 to 666). The solution structure of KIX, in complex with phospho-CREB, indicates that it is composed of three mutually interacting a-helices packed together to form a hydrophobic core (Radhakrishman et al., 1997) . The surface of this core presents a hydrophobic groove that serves to accommodate two perpendicular helices in phospho-CREB that form upon KIX binding. Thus, it seems possible that Tax may adopt a structure similar to the perpendicular amphipathic helices observed in phospho-CREB, enabling general recognition of the hydrophobic groove on the surface of the KIX protein. Figure 4 . Detection of Tax-ÁKIX interactions by the yeast two-hybrid assay. The yeast strain MaV 103 (relevant genotype MATa leu2-3, 112 trp1-901 his3Á200 gal4Á gal80Á GAL1::LacZ GAL1::HIS3@lys2 SPA-L10::Ura3) containing the activation domain-Tax fusion construct (pAD-TAX) and the DNA-binding domain-ÁKIX construct (pDB-ÁKIX), and a promoter carrying four Gal4 binding sites upstream of the HIS3 gene was used for the two-hybrid analysis. Tax was cloned into the LEU2-marked Gal4-activation domain containing construct pACT2 (Clonetech). The KIX domain and truncated derivatives were cloned into a TRP1-marked Gal4 DNA-binding domain construct derived from pPC62 (Chevray & Nathans, 1992) . Interactions between AD-Tax and DB-ÁKIX were detected by cell growth in the presence of aminotriazole (AT), a competitive inhibitor of the HIS3 gene product (Hill et al., 1996) . Growth phenotypes were assayed by spotting 10 4 cells on plates lacking histidine, containing either 0 or 10 mM aminotriazole. Plates were photographed following three days at 30 C.
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